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Abstract
Graphene is an intriguing material in view of its unique Dirac quasi-particles, and the ma-
nipulation of its electronic structure is important in material design and applications. Here, we
theoretically investigate the electronic band structure of epitaxial graphene on SiC with intercala-
tion of rare earth metal ions (e.g., Yb and Dy) using first-principles calculations. The intercalation
can be used to control the coupling of the constituent components (buffer layer, graphene, and sub-
strate), resulting in strong modification of the graphene band structure. It is demonstrated that
the metal-intercalated epitaxial graphene has tunable band structures by controlling the energies
of Dirac cones as well as the linear and quadratic band dispersion depending on the intercala-
tion layer and density. Therefore, the metal intercalation is a viable method to manipulate the
electronic band structure of the epitaxial graphene, which can enhance the functional utility and
controllability of the material.
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I. INTRODUCTION
Graphene, a two-dimensional atomically thin layer of carbon, has been one of the most
attractive material candidates for future electronics [1–4]. The distinctive low-energy elec-
tronic structure of graphene, the “relativistic” Dirac cone, has been of profound importance
from both fundamental and practical points of view [3–8]. By virtue of its low dimensionality,
the electronic properties of graphene can be effectively changed via physical or chemical cou-
pling to neighboring components, e.g., substrate or adjacent graphene layers. For instance,
epitaxial graphene on SiC, which is one of the most successful ways to realize large-scale few
layer graphene [7, 9–12], is a notable example where the substrate has a crucial effect on the
electronic structure of the graphene. Also, different stacking in few layer graphene results
in different band structures [13]. Thus, the coupling to the nearby layers is important to
understand the electronic structure of graphene. In this regard, intercalation is a promising
way to change the coupling among the graphene layers and the substrate. Recently, the
intercalation of epitaxial graphene has become a realistic and robust route to control the
physical and chemical properties of the graphene [14–18], e.g., the chemical adsorption prop-
erties [16] and the quasi-particle excitation [15, 18–21]. Also, there are previous theoretical
studies of intercalated epitaxial graphene which demonstrate different types of modifications
to the band structure: Dirac cones [22], Dirac half metal [23], and gate-independent energy
gap [24].
Although the intercalation has been a promising avenue to affect graphene properties (the
number and type of charge carriers, nucleation of new phases on top, magnetic properties,
etc.), it is still not clear what determines the optimal conditions (i.e., temperature, anneal-
ing time, type of substrate graphene is deposited on) which are needed for a given element
to intercalate graphene. There have been experimental investigations regarding important
issues such as Fermi level shift [14, 19, 20] and decoupling of the buffer layer [14, 15, 18–21].
However, these experiments are based on ARPES measurements of the final state generated
after thermally annealing, and there is no stepwise control of the growth parameters to
monitor intermediate phases, the intercalated morphology and the atom distribution within
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the intercalated layer. Intercalation is a much more complex process with important ques-
tions related to kinetics and thermodynamics describing the different phases with distinct
properties that can form below graphene. In this regard, first-principles electronic structure
calculations are essential to find out a variety of possibilities in the electronic band structure
facilitated by intercalation. Furthermore, they provide key information about the interca-
lation configuration in that they predict the band structure as a function of experimental
parameters: the amount of dopant, the location of the dopant whether at the buffer-SiC
interface or buffer-monolayer interface, and changes from the normal AB to AA graphene
stacking.
In this study, we demonstrate that the electronic band structure of graphene, epitaxially
grown on Si-terminated SiC, can be controlled by metal intercalation using first-principles
calculations based on density functional theory (DFT). We consider intercalation of rare
earth (RE) metal atoms (Yb, Dy) in the epitaxial graphene, and show that the intercalation
can strongly modify the electronic band structure of the system by effectively decoupling the
constituent components: substrate, buffer layer, and graphene layer. As a result, we can ob-
tain decoupled linear Dirac bands as well as quadratic bands depending on the configuration
of the intercalation. In addition, the intercalation density significantly affects the electron
filling and screening, and hence the energies of the Dirac points with respect to the Fermi
level change accordingly. These diverse opportunities for different band structures by the
intercalation would provide practically useful routes to manipulate the electronic structure
of the epitaxial graphene. We also discuss the intercalation configuration in the recent Yb
intercalation experiment.
II. THEORETICAL METHODS
The electronic structures were calculated using DFT as implemented in VASP pack-
age [25, 26]. We employed a plane-wave basis set with a cutoff energy 400 eV, and the
interaction between ions and valence electrons was described by exploiting the projector-
augmented wave method [27]. We used 2 layers of SiC for the Si-terminated substrate with
2
√
3× 2√3R30◦ supercell, which can accommodate 4× 4 graphene layers on top of it. The
lattice constant of SiC was adjusted by approximately 7.8 % to match that of the 4 × 4
graphene layer. Although epitaxial graphene may have the 6
√
3× 6√3R30◦ superstructure
3
experimentally, our calculations are supposed to capture the essential features since our
main focus is the graphene band structure after the buffer layer is decoupled from the SiC
substrate by the metal intercalation. The Perdew-Burke-Ernzerhof exchange-correlation
functional was adopted [28], and the van der Waals energy was accounted for using the
DFT-D3 method [29]. 6× 6× 1 k-point mesh was used.
III. RESULTS AND DISCUSSION
In epitaxial graphene, the interaction with a substrate is essential to understand the
electronic band structure. The initial carbon monolayer on Si-terminated SiC has strong
chemical hybridization with the substrate Si, and it is called a buffer layer (or the 0th
graphene layer). In terms of the electronic band structure, the buffer layer does not pos-
sess a Dirac cone due to the chemical bonding with the substrate, unlike the free-standing
graphene [15, 20]. Additional Si desorption can induce a new buffer layer to form at the SiC
interface, causing the previous buffer layer to transform into the 1st layer of graphene which
acquires a Dirac cone.
The main character of the graphene band structure, i.e., the Dirac dispersion of the
pi bands, can be recovered in the buffer layer if we can change the chemical interaction
between the buffer layer and the substrate. Recent experimental literature shows that the
intercalation can effectively decouple the buffer layer from the SiC substrate as demonstrated
by the appearance of the Dirac cone of the decoupled buffer layer [15, 18–21]. For example,
the intercalation of Ge, Au, H has been shown to induce the decoupling of the buffer layer
from the substrate [15, 19, 20], recovering the Dirac cone in the buffer layer. Also, the
chemisorption of graphene on a metallic substrate and the appearance of the Dirac cone,
e.g., under Au intercalation is reported on Ni(111) [30], and under oxygen intercalation on
Ru (0001) [31].
Here, we consider two different intercalation layers (Fig. 1), i.e., upper and lower interca-
lation layers for the RE intercalation. The lower intercalation layer denotes the intercalation
layer beneath the buffer layer, which can be utilized to control the coupling between the
buffer layer and the outermost Si layer of the SiC substrate. The upper intercalation layer
corresponds to the intercalation on the buffer layer, and it is expected to affect the inter-
action between the graphene and the buffer layer. According to the recent experiment, the
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FIG. 1: Schematic illustration of the intercalation in epitaxial graphene. (a) The upper
and lower intercalation layers are denoted. (b) The rare earth (RE) intercalation in the
lower intercalation layer decouples the buffer layer from the substrate, resulting in the top
and bottom graphene layers. (c) The upper layer intercalation will further modify the
electronic structure.
intercalation can occur in the lower intercalation layer [18]. The intercalation in the upper
intercalation layer could also happen depending on the experimental conditions and prepara-
tion methods because rare-earth-intercalated bulk graphite exists experimentally although
the intercalation conditions are different from pathways possible under UHV [32]. Also,
there is an experimental report for Au intercalation between the buffer and the graphene
layers [33, 34]. As will be shown below, the upper layer intercalation is useful for the ma-
nipulation of the Dirac cones in the graphene layers.
We first consider the Yb intercalation of epitaxial graphene. If the lower intercalation
layer is filled, the two carbon layers form a bilayer graphene on the substrate. In Fig. 2,
the atomic and electronic structures of Yb-intercalated epitaxial graphene are presented
(only the band structure for one spin polarization is shown, since that for the other spin is
essentially similar in view of the Dirac cones in the graphene layers). Here, we assume 2× 2
intercalation (i.e., one Yb atom in 2 × 2 unit cell in terms of the graphene layer) and AB-
stacking of the bilayer graphene. Due to the electric potential gradient from the substrate
and Yb intercalation layer, the bilayer graphene has different onsite energies in the top and
bottom graphene layers, and hence the electronic band structure shows two Dirac cones
having different energies. Also, owing to the AB-stacking of the two carbon layers, the two
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FIG. 2: Atomic and electronic structure of Yb-intercalated epitaxial graphene. (a) Top
and (b) side view of the atomic structure of the epitaxial graphene with 2× 2 Yb
intercalation in the lower intercalation layer. (c) Electronic band structure weighted by the
carbon p state of the top graphene layer (red) and that of the bottom graphene layer
(blue). (d) Schematic illustration of the band structure of the AB-stacked bilayer graphene
on the substrate.
Dirac cones have quadratic dispersion with strong hybridization between them (Fig. 2c, d),
as expected in the bilayer graphene under external electric fields or pristine bilayer graphene
on a substrate [9, 35–37]. Although some hybridizations with other bands also occur (Fig. 2c)
to change the detailed dispersion, the overall shape of the bands from the graphene and the
decoupled buffer layer follows that of bilayer graphene under external fields. In general, the
band structure and the band gap can be affected by the interaction with the intercalation
layer and substrate or by the vertical electric fields from them [24].
The intercalation in the upper intercalation layer as well as the lower one has a significant
effect on the electronic band structure in terms of the energies of the Dirac points and
the coupling between the two layers. There are three major effects of the upper layer
intercalation on top of the lower layer one. i) The relative stacking of the bottom graphene
layer (i.e., the decoupled buffer layer) and the top graphene layer becomes AA rather than
AB. ii) The energy of the Dirac cone in the top graphene layer downshifts with respect to
the Fermi level EF because of the electron transfer from the upper Yb intercalation. iii) The
screening of the electric fields by the upper Yb layer changes the relative energy separation of
the two Dirac points. These can be seen by comparing the two cases, i.e., with and without
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FIG. 3: Atomic and electronic structure with different Yb intercalation density in the
upper intercalation layer. (a) Side view of the atomic structure of the epitaxial graphene
with Yb intercalation in the upper and lower intercalation layers. Electronic band structure
for (b) 2× 2, (c) 4× 4, and (d) 0 intercalation in the upper intercalation layer, weighted by
the carbon p state of the top graphene layer (red) and that of the bottom graphene layer
(blue). Insets of (b), (c), and (d) show schematic intercalation configuration. The
intercalation configuration of the lower intercalation layer is kept to be 2× 2. We adopted
AA stacking between the two graphene layers as indicated in the insets. The red and blue
arrows denote the Dirac points of the top and bottom graphene layers, respectively.
the upper layer intercalation (Fig. 3b and Fig. 2c). After the upper layer intercalation, we
note that there appear two linear Dirac cones without significant coupling between them, in
contrast to the case with the intercalation only in the lower layer which has a band structure
expected for bilayer graphene.
The energies of the Dirac points are strongly affected by the intercalation density of the
rare earth atoms (Fig. 3 and Table I); the energy level of the Dirac points can be a measure
of the amount of metal intercalated in the upper intercalation layer. The general trend of the
electronic band structure depending on the intercalation density in the upper intercalation
layer is schematically depicted in Fig. 4. As mentioned above, the intercalated metal atoms
donate electrons to the graphene layer, downshifting the energy of the Dirac point with
respect to the Fermi energy. Thus, as the upper intercalation density increases, the energy
of the Dirac cone of the top graphene layer becomes lower with respect to the Fermi level.
Also, because the intercalated RE atoms enhance the screening effect between the top and
bottom graphene layers, the energy separation between the two Dirac points is reduced as
7
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EF
FIG. 4: Schematic illustration of the energies of the Dirac points in the top and bottom
graphene layers with different intercalation densities in the upper intercalation layer while
the lower intercalation density is fixed.
we increase the upper intercalation density. Therefore, we can manipulate the energies of
the Dirac cones by changing the upper layer intercalation density.
Experimentally, the Yb atoms can intercalate into the lower intercalation layer, and
the two linear Dirac cones appear from the decoupled buffer layer and the graphene layer.
Comparing with our results, we find that the band structure of the AA-stacking configuration
with the filled lower intercalation layer (Fig. 3d) is most similar to the ARPES spectrum
in terms of the energies and the dispersion of the Dirac cones [18] although there are some
quantitative differences. However, the intercalation of the upper intercalation layer is yet to
TABLE I: Energies (in eV) of the Dirac points with respect to the Fermi energy for
different Yb intercalation density in the upper intercalation layer (the intercalation
configuration in the lower intercalation layer is fixed to be one Yb atom in 2× 2 cell).
Here, ∆E is the energy difference of Dirac points in the top and bottom graphene layers,
and the two graphene layers are AA-stacked.
Intercalation Configuration Top Graphene Bottom Graphene ∆E
2× 2 -1.36 -1.80 0.44
4× 4 -0.85 -1.40 0.55
0 -0.20 -1.39 1.19
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be realized experimentally for RE atoms while there is an experimental report for the Au
case [33, 34].
According to our first-principles calculations of the intercalation energy, the intercalation
in the lower intercalation layer is more stable than that in the upper one. We define the
intercalation energy as
Eint = (Eegp + EY b,bulk)− Eegp+Y b, (1)
where Eegp, EY b,bulk, and Eegp+Y b denote the energies of the epitaxial graphene without
intercalation, the bulk Yb (per atom), and the total system (i.e., the epitaxial graphene
with Yb intercalation). We find that Eint = 1.14 eV/atom for the lower intercalation layer
and Eint = 0.41 eV/atom for the upper intercalation layer with the 2×2 intercalation, which
shows the lower layer intercalation is more stable by 0.73 eV/atom. This result is consistent
with our theoretical consideration of the different intercalation layer configurations, and it
is also in agreement with the experiment [18].
It is informative to compare different mechanisms for Dirac cones in intercalated epitaxial
graphene. One is the decoupling-induced Dirac cone [15] and the other is Dirac-fermion
transfer [22]. In the former case, the Dirac cones primarily originate from the carbon 2p
states of the (decoupled) buffer layer or graphene layer. Here, the orbitals of the intercalants
do not play a significant role in the formation of the Dirac dispersion. The main effect of
the intercalation is the decoupling of graphene layers to have quasi-freestanding graphene
layers and the shift of the Fermi energy due to charge transfer. By contrast, in the latter
case (Dirac-fermion transfer), the Dirac cone is derived mainly from the orbitals of the
intercalated atoms. For example, a recent theoretical study shows that the Dirac cones of
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FIG. 5: Electronic structure of Dy-intercalated epitaxial graphene. (a) Electronic band
structure with 2× 2 Dy intercalation in both the upper and lower intercalation layer. (b)
Electronic band structure with 2× 2 Dy intercalation only in the lower intercalation layer
with AA stacking.
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Mn-intercalated epitaxial graphene originate from d orbitals of Mn, namely, the orbitals of
the intercalants play an active role in the formation of the Dirac band structure. In our
systems, the primary role of the intercalated metal is to decouple the constituent components
(substrate, buffer layer, and graphene layer), which in turn induces the Dirac cones derived
from C 2p. Thus, our results correspond to the former case, i.e., the decoupling-induced
Dirac cones.
The intercalation of Dy instead of Yb gives qualitatively similar results with respect
to the band structure of the graphene layers. Figure 5 shows the band structure of the
Dy intercalated epitaxial graphene for two different intercalation densities in the upper
intercalation layer. The trend is similar in that large amount of the intercalation results in
lower energy of the Dirac point of the top graphene layer and smaller energy difference of the
two Dirac points. But the amount of the charge transfer is changed, giving the quantitative
difference in the Dirac point energies.
There are many unexplored issues that should be taken into account to understand the
mass transfer during intercalation from top to below the graphene layer: the kinetic processes
involved, the thermal stability of the intercalated phases, the selectivity of the interface
type where the intercalated metal bonds, changes in graphene stacking from AB to AA.
The complexity of the intercalation process and richness in possible intercalation phases can
be best demonstrated by one of the most studied intercalated metals, Au, with different
structures and different electronic spectra found depending on the intercalation conditions.
When Au was deposited directly on the buffer layer (without monolayer graphene on top) the
Au intercalant forms an ordered Au phase; depending on the coverage the phase has either
hole (for 1ML of Au) or electron (for 1/3ML of Au) doping [20]. In another Au experiment
carried out on graphene monolayer (with buffer layer below), using STM (which is a local
probe suitable to examine the homogeneity of the intercalated phases) two different phases
were identified: a phase with intercalated clusters and a phase with moire´ 2
√
3×2√3 pattern
having a hole-doping effect [33]. For the phase with the Au clusters the intercalation was
between buffer and monolayer graphene [33, 34]. Even an initial Au experiment carried out
on monolayer graphene (with buffer layer below) and with Au adsorbed on top, has shown
a 0.1eV shift of EF below ED (due to hole doping for a total shift of 0.52eV from the initial
position of EF ) and with unchanged monolayer graphene band structure [38]. As already
discussed intercalation at the SiC-buffer layer interface was observed for a different metal,
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Yb after annealing [18]. This was deduced from core level spectra, low energy electron
diffraction, and ARPES. The Yb-intercalated graphene shows two separate linear Dirac
cones which indicate AA, not AB stacking as explained above. The role of metal deposition
on bilayer graphene was seen in an earlier ARPES study when K was deposited at very
low temperature ≈ 30K [35]. In this case (while all other intercalated experiments use high
temperature) K dopes mostly the top layer, generates asymmetry of the electric potentials
in the two layers of the bilayer and therefore an electric field. The variation of the electric
field with K deposited amount was shown to control the gap that opens due to the potential
asymmetry in the two layers. Again this experiment shows that the deposited metal does
not reach deeper at the buffer-SiC interface for this system because of the lower deposition
temperature. This short comparison of a small number of experiments in the literature not
only shows the complexity of the process; but also it highlights the range of possibilities
with the richness in the type of intercalated phases possible. Thus, both theoretical and
experimental investigations about intercalation process and resultant graphene properties
are needed in future studies.
IV. CONCLUSIONS
In summary, we demonstrated that the RE intercalation of the epitaxial graphene is a
promising way to manipulate the electronic band structure, focusing on the Dirac cones of
the graphene and buffer layers. We found that the lower layer intercalation of Yb decouples
the buffer layer from the substrate, and the resultant bilayer graphene has two massive Dirac
cones with hybridization in accordance with the band structure of the AB-stacked bilayer
graphene under external fields. When we consider the upper layer intercalation in addition
to the lower one, the intercalation density has two important effects; the energy of the top
graphene Dirac point and the relative energy difference of the two Dirac points change. We
also confirm that the Dy intercalation has qualitatively similar effects in regards to the Dirac
cones of the top and bottom graphene layers as Yb intercalation. Our results may be useful
in practical manipulation of the Dirac cones in the epitaxial graphene and the identification
of experimental intercalation configuration.
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